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Cellular responses to hypoxia after renal segmental infarction.
Background. Hypoxia is believed to play an important role
in the pathogenesis of acute and chronic kidney disease. How-
ever, the impact of low oxygen tensions on cellular functions
in the kidney and potential adaptive responses are poorly un-
derstood.
Methods. In order to assess the effects of regional hypoxia,
we induced large segmental renal infarcts in rats by renal artery
branch ligation to create an oxygen gradient vertical to the
corticomedullary axis and studied the effects on cell morphology,
the induction of hypoxia-inducible transcription factors (HIF),
the expression of HIF target genes, and cell proliferation.
Results. Pimonidazol protein adduct immunohistochemistry,
a marker for severe tissue hypoxia, verified a continuous area
of hypoxic renal tissue extending from the cortex to the papilla,
in which tubular necrosis developed subsequently. Within this
area local sparing of pimonidazol staining and tissue preserva-
tion was found around arcuate veins, indicating regional oxygen
supply via diffusion from venous blood. HIF-1 was up-regu-
lated within 1 hour and for up to 7 days predominantly in the
border zone of the infarct in tubular cells, glomerular cells,
resident interstitial cells, capillary endothelial cells, and infil-
trating macrophages. HIF-2 expression was less prominent and
confined to resident and infiltrating peritubular cells in the cor-
tex. HIF expression was colocalized with regional up-regulation
of the hypoxia-inducible genes heme oxygenase-1 and vascular
endothelial growth factor (VEGF), and was followed by capil-
lary and tubular proliferation.
Conclusion. Our findings illustrate a marked potential of
renal tissue to respond to regional ischemia and initiate adap-
tive reactions, including angiogenesis.
Hypoxia, resulting from a mismatch between oxygen
supply and consumption is considered to play an impor-
tant role in the pathogenesis and progression of renal
disease [1, 2]. This concept is based on the assumption
that several factors contribute to a perturbance in oxygen
homeostasis. For example, glomerular sclerosis can im-
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pair peritubular blood flow and thus oxygen supply. This
may enhance tubulointerstitial fibrosis, which, in turn, fur-
ther reduces peritubular blood flow and increases diffusion
distances, thus potentially creating a vicious circle of im-
paired tubular oygenation [2, 3]. In addition, macro- and
microvascular damage is associated with many forms of
renal disease and can reduce oxygen supply. Increasing
evidence has recently also been obtained for a dysbalance
between pro- and antiangiogenic stimuli as a cause of
marked capillary rarefication in different models of kid-
ney disease [4, 5].
There is increasing recognition that hypoxia in general
may not only impair cellular energy production, but also
has a significant regulatory impact on a variety of cellular
functions. Genes induced by hypoxia play an important
role in adaptation to low oxygen supply at the cell and
tissue level, including the up-regulation of anaerobic me-
tabolism, angiogenesis and the determination of cell
death/survival decisions [6]. Central to this regulation are
hypoxia-inducible transcription factors (HIF) [7, 8]. HIFs
are heterodimers, composed of a constitutive HIF-sub-
unit and one of two alternative HIF subunits (HIF-1
and HIF-2) that are regulated by oxygen-dependent
proteolysis.
Despite the assumed importance of hypoxia in the
pathogenesis of kidney disease, very little is known about
the consequences of a local reduction in tissue oxygen
tension and the extent and operation of adaptive re-
sponses in different anatomic zones of the kidney, which
vary considerably in their physiologic oxygen tensions
[9]. We have recently described a widespread, but cell-
specific induction of HIF transcription factors in the kid-
ney in response to systemic hypoxia [10]. These findings
imply that up-regulation of HIF and HIF target genes
may also play a role in the response to regional renal
hypoxia and that assessing HIF induction and its down-
stream events provide important clues to understand the
consequences of hypoxia. However, testing this hypothe-
sis meets several methodologic problems. In complex
models of kidney disease, it is difficult to assess local
tissue oxygenation and distinguish the effects of hypoxia
from that of other pathogenetic mechanisms. Complete
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renal ischemia, although an established model for acute
renal failure, is, for several reasons, of limited usefulness
in assessing the hypoxia response. First, hypoxia induced
by total ischemia is too severe to allow the study of long-
term consequences. Second, the response to regional
hypoxia, which is more relevant in kidney disease, is
likely to be different from uniform hypoxia. Third, the
cessation of glomerular filtration and tubular reabsorp-
tion associated with total ischemia may attenuate injury,
particularly in medullary thick ascending limbs. Fourth,
in ischemia reflow models, reperfusion injury can be
more important than the initial hypoxic insult per se.
We have therefore chosen to induce segmental renal
infarcts in rat kidneys rather than study complete isch-
emia in order to assess the effects of local renal hypoxia.
Partial renal infarction is a frequent finding on autopsies
and can lead to transient renal hypertension [11–13].
Experimental renal infarcts can be induced by renal ar-
tery branch ligation, and this procedure has served as a
model of renal ablation [14, 15]. It is predictable that
the development of an infarct induces an oxygen gradient
between infarcted and healthy tissue, which should allow
assessment of cell and tissue adaptation to the entire
range of subnormal oxygen tensions. We have previously
shown in preliminary experiments that HIF is in fact
inducible at the edge of renal infarcts [10]. However, the
sequence of morphologic and functional changes, tissue
transformation at the border zone between necrotic and
normoxic tissue, and the potential for adaptive reactions,
including new vessel formation, are unknown. We there-
fore decided to assess and compare morphologic changes,
the staining of pimonidazol adducts, as indirect markers
of tissue hypoxia, the expression of HIF and of HIF-
target genes, and cell proliferation for up to 14 days after
induction of a renal infarct. Using this approach, we
found evidence for a remarkable and yet unrecognized
response of the kidney to regional hypoxia.
METHODS
Animal experiments
The study was approved by the Institutional Review
Board for the care of animal subjects and was performed
in accordance with National Institutes of Health guide-
lines. Male Sprague-Dawley rats (200 to 250 g) (Winkel-
mann, Borchen, Germany) were allowed free access to
standard rat chow and water. Under combined ether
and ketamine (Ketavet, Upjohn Pharmacia, Erlangen,
Germany) anesthesia, the left renal artery was exposed
through a mid-abdominal incision, and one of usually
three branches of the renal artery was ligated.
Kidneys were harvested after perfusion fixation at
variable time points after injury (1 hour, 6 hours, 1 day,
2 days, 3 days, 4 days, 7 days, 10 days, and 14 days; four
to six animals per group). In sham-operated animals, the
left renal artery was exposed, but not ligated, and the
kidneys were harvested after 1 day. The right kidneys
of animals subjected to left renal artery branch ligation
served as additional controls.
Perfusion fixation was performed exactely as pre-
viously described [10], and kidneys were subsequently
either snap-frozen in isopentane cooled with liquid nitro-
gen or processed for paraffin embedding.
Pimonidazol protein adduct immunohistochemistry
Immunohistochemistry for pimonidazol protein adducts
can serve as a tissue marker of hypoxia, as has previously
been shown in various tissues, including tumors [16].
After intravenous injection, pimonidazol, a 2-nitro-imid-
azole, binds to thiol groups of proteins in tissues with
oxygen tensions below 10 mm Hg [17], where it can
be detected by commercially available antipimonidazol
antibodies.
For pimonidazol protein adduct immunohistochemis-
try animals received intravenous pimonidazol (80 mg/kg)
15 minutes before induction of segmental infarction, and
perfusion fixation was performed 30 minutes after in-
farction. Contralateral kidneys and omission of pimoni-
dazol-injection in infarcted kidneys served as controls.
Morphologic studies
Three micron paraffin sections served for hematoxylin
and eosin staining (according to standard procedures),
and for all immunohistochemistry stainings except for
vascular endothelial growth factor (VEGF), which was
performed on cryostate sections. The following primary
antibodies were employed: mouse antihuman HIF-1
(67, 1:10,000; Novus Biologicals, Littleton, CO, USA),
rabbit antimouse HIF-2 (PM9, 1:10,000) [18], mouse
antirat proliferating cells nuclear antigen (1:100; Dako,
Hamburg, Germany), rabbit antirat heme oxygenase-1
(1:60,000; Stressgen, Victoria, Canada), mouse antirat
ED-1 (marker for macrophages, 1:10,000) (Serotec, Ox-
ford, UK), mouse antirat CD31 (endothelial cell marker,
1:500) (Serotec), mouse antihuman VEGF (C-1, 10,000,
raised against amino acids 1 to 140) (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), mouse antipimonidazol
(1:1000 Hypoxyprobe; Natural Pharmacia International,
Belmont, MA, USA). Target retrieval consisted of (1)
microwave heating for 20 minutes in 0.01 mol/L sodium
citrate, pH 6.0, for proliferating cell nuclear antigen
(PCNA); (2) 0.05% pronase E (Merck, Darmstadt, Ger-
many) in phosphate-buffered saline (PBS)-0.2% BrijTM 35
(Merck) for 15 minutes at 40C for pimonidazol-adducts;
and (3) pressure cooking for HIF-1, HIF-2, ED-1, and
heme oxygenase-1 (HO-1). Peroxidase-linked secondary
goat antimouse antibodies (Dako) served for detection
of PCNA and ED-1. A catalyzed signal amplification
kit based on a streptavidin-biotin-peroxidase reaction
(CSATM; Dako) was employed to visualize all the other
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Table 1. Changes in tissue morphology after renal infarction
1 hour 6 hours 1 day 3 days 5 days 7 days 14 days
Tubular necrosis       
Infarction border zonea      () 
Cellular infiltrate   ()    
Capillary sprouting       
a Altered morphology, but no necrosis
antibodies according to the manufacturer’s instructions.
Diamino-benzidine (DAB) was used as a chromogen,
except for HIF-/ED-1 double staining, for which the
CSATM kit was adapted as follows: alkaline-phosphatase-
linked streptavidine (Dako) and Fast Red (Sigma Chemi-
cal Co., Steinheim, Germany) were used according to the
manufacturers’ instructions for the visualization of HIF-,
and ED-1 staining was performed subsequently in perox-
ydase technique.
Signal analysis
Signals were analyzed with a Leica DMRB micro-
scope (Leica, Bensheim, Germany), using differential
interference contrast. Photographs were digitally recorded
by means of a Visitron system (Visitron, Puchheim, Ger-
many).
RESULTS
Renal artery branch ligation compromised the perfu-
sion of one fifth to one third of the kidney, and induced
characteristic changes in morphology with a time-depen-
dent and clear spatial differences.
With respect to the time course, morphologic changes
could be grossly divided into an early phase (1 hour to
6 hours) when parenchymal cells still appear viable, an
intermediate phase (1 day to 3 days) when tissue damage
is fully established, and a late phase (beyond 3 days)
when tissue repair/remodeling is evident.
In terms of spatial differences, a clear distinction of
three zones in parallel to the corticopapillary axis was
apparent after 1 day: (1) overt tubular necrosis in the
infarction core, (2) an infarction border zone between
the area of tubular necrosis and normal tissue with a
variety of cellular alterations, and (3) preserved, normal
tissue (Table 1). Finally, some differences in morpho-
logic changes were observed between different anatomic
renal zones. Figure 1 provides a schematic presentation
of the zoning of the infarcted kidney, as it was obvious
after 1 day. According to the severity of renal injury,
each of the four anatomic renal zones was subdivided
into an infarction core zone and into an infarction border
zone, respectively.
Fig. 1. Schematic presentation of the extension of tissue damage fol-
lowing renal artery branch ligation. Infarcts extend from the cortex
through the outer and inner medulla into the papilla (zones 1 to 4).
One day after renal artery branch occlusion, gross morphologic analysis
revealed a border zone (light gray) between an area of extended tubular
necrosis (infarction core, dark gray) and renal tissue with normal struc-
ture (white). Numbers (indicating zones) and light and dark gray serve
to identify the respective region in each of the following figures. Abbre-
viations are: OS, outer stripe; IS, inner stripe; Pap, papilla.
Development and extent of tissue damage
Changes in tissue morphology are illustrated for the
cortex (Fig. 2) and for the outer stripe (Fig. 3), but were
similarly observed in the inner stripe and papilla.
Altered morphology was evident as early as 1 hour
after vascular obstruction (Figs. 2a and 3b) and com-
prised cell swelling, nuclear pyknosis, loss of the brush
border, increased eosinophilia, and desquamation. Overt
tubular necrosis was fully developed at 1 day (Figs. 2c
and 3d). Interstitial tissue with capillaries became more
prominent at 3 days (Figs. 2e and 3e) and increased in
thickness within the following days, so that by 7 days, it
had formed a dense net surrounding islands of necrotic
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Fig. 2. Time course of morphologic changes after renal segmental in-
farction in the renal cortex. Hematoxylin and eosin staining. Encircled
numbers label renal zones according to Figure 1. Compared with con-
trols (A ) morphology is already altered after 1 to 6 hours (B ). After
1 day (C ), infarction core and infarction border zone (right hand side)
become evident. Renal parenchyma around arcuate veins (V) is pre-
served (D ). After 3 days, capillaries and connective tissue sprout from
the capsula and infiltrating cells occur in the infarction area (E ). After
7 days, capillarized tissue forms a dense net around necrotic tubuli
[magnification, (A), (B), (C), (E), (F ) 120; (D) 100].
Fig. 3. Time course of morphologic changes after renal segmental in-
farction in the outer stripe of the renal medulla. Hematoxylin and eosin
staining. Encircled numbers label renal zones according to Figure 1.
Compared with controls (A ) morphology is altered after 1 hour (B )
and changes become more prominent after 6 hours (C ). After 1 day
(D ), a distinction can be made between infarction core and infarction
border zone (right hand side). After 3 days (E ) and (F ), vascularized
interstitial tissue becomes increasingly prominent (magnification, 120).
V is arcuate vein.
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Fig. 4. Detection of tissue hypoxia by immunohistochemistry for pi-
monidazol protein adducts. Light hematoxylin counterstaining. Encir-
cled numbers label renal zones according to Figure 1. Thirty minutes
after renal artery branch ligation. strong homogenous staining occurs
in the infarction area (A, C, and D, on the left hand side) with a sharp
border toward normal tissue. Tissue surrounding arcuate veins (V) does
not stain for pimonidazol (B ). Occasionally, staining in the vicinity of
the infarcted area occurs in well-preserved tubuli, contrasting with sig-
nal-free surrounding tissue [arrowhead in (C)]. Magnification, (A) and
(B) 100; (C) and (D) 60. A is arcuate artery.
Fig. 7. Expression of hypoxia-inducible transcription factor (HIF) in
macrophages. Encircled numbers label renal zones according to Figure
1. (A ) and (B ) Double immunostaining was performed for the macro-
phage marker ED-1 (peroxidase, brown) and HIF-1/HIF-2 (alkaline
phosphatase, red) after 2 days of renal segmental infarction. Note partial
colocalization for ED-1 (cytoplasmic staining) and HIF-1/HIF-2 (nu-
clear staining) (magnification, 1000).
tubules (Figs. 2f and 3f). A further increase in interstitial
expansion was observed until 14 days (Table 1).
A “band” of tissue showing similar morphologic changes
as the whole infarct after 1 hour to 6 hours became
obvious at the border of the infarct with expanding ne-
crosis in the core and persisted for up to 7 days. This
“band” extended from the renal capsule down to the
Fig. 5. Immunohistochemistry for hypoxia-inducible transcription factor (HIF-1) after renal segmental infarction. (A ) Schematic presentation
summarizes signal distribution in different zones of the kidney at 1 day after infarction, the time point of strongest expression. Encircled numbers
in (B ) to (H ) indicate renal zones according to this scheme. (D ) Compound of threshold images of the papilla with signals for HIF-1 pseudostained
in red shows marked induction at the border of the infarct. Tubular cells show induction and nuclear accumulation of HIF-1 within the first 6
hours (B), (E ), and (G ) in a stripe of morphologically well-preserved cells. This area corresponds to the infarction border zone that becomes
visible on hematoxylin and eosin–stained slides after 1 day. From 1 day onward, most tubular signals disappear and up-regulation of HIF-1 occurs
in interstitial and in capillary endothelial cells (C) and (F). In addition, papillary collecting ducts stain positive for HIF-1 after 7 days (H). Symbols
are: arrowheads, interstitial cells; closed arrows, capillary endothelial cells; open arrow, urothelium; double arrows, point to infarction border zone.
Magnification, (D) 15; (B), (C), (E), (F), (G), and (H) 180. G is glomeruli.
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Table 2. Expression of hypoxia-inducible transcription factors, HIF-1 and HIF-2 after renal infarction
1 hour 6 hours 1 day 3 days 5 days 7 days 14 days
HIF-1
Cortex Glomeruli tubules, IC (r) Glomeruli tubulesa, IC (r) ECa, IC ECa, IC IC (r) — —
Outer stripe Tubulesb Tubulesb ICc ICc IC (r) — —
Inner stripe Tubules Tubulesa ICc, urothelium ICc — — —
Inner medulla CD, IC CD, IC CD, IC (CD), IC — — —
Papilla CD, IC, thin limbs/ECd CD, IC, thin limbs/ECd CD, IC, thin limbs/ECd (CD), IC — CD —
HIF-2
Cortex — IC, EC IC, EC — — — —
Outer stripe — IC, EC IC, EC — — — —
Inner stripe — IC, EC IC, EC — — — —
Inner medulla — — — — — — —
Papilla — — — — — — —
Abbreviations are: CD, collecting ducts; EC, capillary endothelial cells; IC, interstitial cells; (r), rare. Due to morphologic alterations within the infarct, identification
of nephron segments was impossible for most of the tubular sections.
a Predominantly in the infarction border zone
b At the basis of medullary rays in the infarction border zone
c Discrimination between interstitial cells and capillary endothelial cells is not always possible, but the latter were most likely negative
d Discrimination between thin limbs and capillaries was not possible
papilla, separating normal tissue on one side from areas
of tubular necrosis on the other side (Figs. 1, 2c, and 3d).
The infarct border zone encompassed approximately 10
tubular diameters corresponding to about 500 microns.
Within the core area of the infarct preservation of tissue
architecture, apparently viable tubules were found adja-
cent to arcuate renal veins at the corticomedullary border
(Fig. 2d). In this location, cells showed a minor degree
of morphologic changes similar to those in the infarction
border zone. It appeared as if expansion of interstitial
tissue originated from these areas, sprouting toward the
papilla. Infiltrates of mononuclear cells appeared from
1 day onward.
Determination of tissue hypoxia by pimonidazol
protein adducts
In kidneys of sham-operated animals or contralateral
kidneys, no staining for pimonidazol was evident, but
marked staining occurred 30 minutes after vascular oc-
clusion in the infarcted area, with a rather steep decline
toward normal tissue. However, within this area staining
was only mild or even absent in the surroundings of
arcuate veins (Fig. 4b), corresponding to an area of pa-
renchymal preservation (compare Fig. 2d). Only mild
staining occurred at the outer margin of the papilla (Fig.
4d). Occasionally, strong staining was found in appar-
ently viable nephrons with patent lumina adjacent to the
hypoxic zone (Fig. 4c).
Hypoxia-inducible factors
As reported previously [10], no staining for HIF-1
or HIF-2 was observed in control kidneys. However,
following renal artery branch ligation, strong nuclear
accumulation of HIF-1 occurred within 1 hour, the ear-
liest time point investigated (Fig. 5 b, e, and g). Initially,
HIF signals were scattered over the whole infarction
area, but at later time points they were mainly found in
the border zone of the infarct. Here, the up-regulation
of HIF-1 increased further and reached its maximum
after 1 to 2 days. In general, HIF signal abundance was
paralleled by signal intensity. Figure 5a illustrates sche-
matically the tissue distribution of HIF-1 signals after
1 day, with a prominent induction at the border of the
infarct (Fig. 5d). From 2 days onward, the number of
HIF-1–positive cell nuclei declined and staining almost
completely disappeared after 7 days (Table 2). At the
same time, there was a marked change in the cell types
showing HIF-1 induction. Tubular expression of HIF-1
in the cortex was mainly confined to the first 6 hours
(Fig. 5 b, e, and g). HIF-1 expression persisted for 3 days
only in papillary collecting ducts, before it disappeared
completely after 5 days and reoccurred at 7 days (Fig. 5h).
In addition, HIF-1 was also found in peritubular inter-
stitial and capillary endothelial cells for up to 5 days
after induction of the infarct (Fig. 5 c and f). Signals were
also apparent in subcapsular tissue (Fig. 5c), in subcapsu-
lar glomeruli (Fig. 5b), in the surroundings of arcuate
vessels (not shown), as well as in urothelial cells covering
the inner stripe (Fig. 5d).
Between 6 hours and 2 days we also found an up-
regulation for HIF-2 but the signal density was less
than for HIF-1, and the induction was confined to inter-
stitial and capillary endothelial cells (Table 2). Strongest
and most abundant signals appeared in the outer stripe
(Fig. 6b), but also spread over the cortex (Fig. 6a) and
inner stripe (not shown). In contrast to the expression
of HIF-1, no difference was evident between the in-
farction core and the border zone.
Using double labeling some of the nuclear signals for
HIF-1 and HIF-2 in interstitial cells could be colocal-
ized with the macrophage marker ED-1 (Fig. 7).
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Table 3. Proliferating cells nuclear antigen (PCNA) staining after renal infarction
1 hour 6 hours 1 day 3 days 5 days 7 days 14 days
Cortex — — — Glomeruli tubulesa, ECb, IC ECb, IC ECb, IC EC (r), IC (r)
Outer stripe — — — Tubulesa, EC, IC EC, IC EC (r), IC (r) EC (r), IC (r)
Inner stripe — — — Tubulesa, EC, IC, urothelium EC, IC EC (r), IC (r) EC (r), IC (r)
Inner medulla — — — — — — —
Papilla — — — CD, thin limbs/ECc, IC (r) CD, thin limbs/ECc —, thin limbs/ECc —, thin limbs/ECc
Abbreviations are: CD, collecting ducts; EC, capillary endothelial cells; IC, interstitial cells; (r), rare. Due to morphologic alterations within the infarct, identification
of nephron segments was impossible for most of the tubular sections.
a Predominantly in the infarction border zone
b Mostly within or originating from the capsule
c Discrimination between thin limbs and capillaries was not possible
Fig. 6. Immunohistochemistry for hypoxia-inducible transcription fac-
tor (HIF-2) after renal segmental infarction. Encircled numbers label
renal zones according to Figure 1. Signals are restricted to interstitial
and capillary endothelial cells of the cortex (A ) and outer medulla (B ),
and are found preferentially in the infarction core. Strongest staining
occurred at 2 days. Magnification, (A) 200; (B) 200. Symbols are:
arrowheads, interstitial cells; closed arrows, capillary endothelial cells.
G is glomerulus.
HO-1 and VEGF
To test for the induction of hypoxia-inducible genes,
we stained for HO-1 and VEGF, which are both known
to be regulated by HIF. While HO-1 was not detectable
in normal kidneys, up-regulation occurred after renal
infarction in both tubular and interstitial cells in striking
colocalization with areas of HIF induction. Consecutive
sections revealed partial overlap of HO-1 and HIF-1
signals in tubules at the infarction border zone in the
cortex (Fig. 8 a and b) and the medulla (Fig. 8 c and d).
After 1 day, HO-1 was predominantly found in intersti-
tial cells, initially in the subcapsular cortex (Fig. 8e). At
3 days, interstitial HO-1–positive cells were spread rather
uniformly throughout the infarcted area, as illustrated
in Figure 8f for the outer stripe.
In control kidneys, VEGF was detected in medullary
and cortical thick ascending limbs as well as in some
glomerular cells, as described previously by others [4].
In the early phase, after renal artery branch ligation,
these signals had disappeared in the infarcted area. How-
ever, after 2 to 3 days VEGF became detectable in the
subcapsular area covering the infarcted tissue (Fig. 9a),
in streaks directed from the capsule toward the corti-
comedullary junction (Fig. 9a), and in the infarction bor-
der zone. Staining for VEGF was particularly intense in
the inner stripe (Fig. 9b) and in the papilla (Fig. 9c).
The location of VEGF signals thus partly corresponds
to areas of HIF-1 induction, although VEGF protein
staining occurred later.
Cell proliferation
Staining for PCNA was used to detect cell prolifera-
tion and revealed minimal proliferation under control
conditions. After infarction, however, PCNA staining
increased markedly. It had occurred as early as after 1
day, culminated at 3 to 4 days, and persisted for up to
2 weeks after injury. PCNA staining occurred mainly in
regions of former HIF-1 staining and succeeded HIF-1
staining with a delay of 1 to 2 days. Tubular cells showed
PCNA induction predominantly in the border zone of
the infarction (Fig. 10 a and f). Glomerular PCNA stain-
ing was most obvious in subcapsular areas (Fig. 10b).
Interstitial and capillary endothelial cells stained for PCNA
in both the border zone (Fig. 10 c and h) and in the
infarction core (Fig. 10 b and d).
Some of the PCNA-positive nontubular cells could
clearly be identified as peritubular capillary endothelial
cells (Fig. 10 c, d, and h), thus suggesting ongoing angio-
genesis. In addition, an increase in CD31-immunoreac-
tivity paralleled the temporal and spatial pattern of
PCNA staining. Staining was particularly intense in sub-
capsular tissue (Fig. 11a) and at the border zone of the
infarct (Fig. 11 b and c).
DISCUSSION
The large renal infarcts induced in this study by renal
artery branch ligation create an oxygen gradient perpen-
dicular to the corticomedullary axis and allowed us to
study its effects on cellular structure and function
throughout all zones of the kidney, from the subcapsular
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Fig. 8. Immunohistochemistry for heme oxygenase-1 (HO-1) after re-
nal segmental infarction. Encircled numbers label renal zones according
to Figure 1. Pairs of consecutive sections stained for HO-1 and hypoxia-
inducible transcription factor (HIF-1). Both signals colocate at 6 hours
area down to the papilla. Our data indicate that different
levels of injury develop along this gradient and evoke
complex cellular reactions and repair mechanisms.
While frank tubular necrosis occurred rapidly in the
infarct core, a band of tissue appeared within 1 day at the
border of the supply area of the ligated artery, in which
cells were presumably subjected to sublethal hypoxic
injury. Given the marked differences in physiologic oxy-
gen tensions between cortex and medulla, it is predict-
able that the amplitude and steepness of oxygen gradi-
ents between the infarct core, where the pO2 should be
uniformly low and close to zero and noninfarcted tissue
is much higher in the cortex (about 55 mm Hg) than in
the outer medulla (about 35 mm Hg) and in the papilla
(5 to 20 mm Hg). Nevertheless, the width of the tissue
band in which cells revealed morphologic signs of struc-
tural impairment was fairly similar across the whole kid-
ney. Presumably, the actual level of oxygen at which
tubular cells are injured is variable along the nephron,
and residual tubular transport may further influence cell
injury. Interestingly, within the infarct core we found a
preservation of tissue morphology and no staining for the
hypoxia marker pimonidazol around the arcuate veins.
Oxygen supply of this area presumably occurs via diffu-
sion from the renal vein and is possibly a reflection of
the high venous oxygen content in the kidney. This obser-
vation supports the concept that Krogh’s model, which
suggests that gas exchange occurs exclusively across cap-
illary vessels, is too simplistic [19]. In fact, it appears that
diffusive oxygen supply can occur across a considerable
distance of up to 5 tubular diameters (corresponding
to about 250 microns), at least in nephrons that are
presumably nonfiltering and thus will have a low oxygen
consumption [20].
A main finding in this study is that a broad spectrum
of cellular reactions occurs rapidly in the border zone
of the infarct, which illustrates the potential of regional
hypoxia to influence structure and function of renal tis-
sue. These reactions include nuclear accumulation of
HIF, expression of HIF target genes (as exemplified by
expression of HO-1 and VEGF) and proliferation of
different cell types, including capillary endothelial cells,
interstitial cells, and tubular cells. Noteworthy, these
adaptive reactions occurred rapidly with a marked stain-
ing for PCNA already after 1 day. PCNA is a recognized
in tubuli at the border of the infarct in the cortex (A ) and (B ) and in
the papilla (C ) and (D ). In addition, at 1 day, glomeruli and interstitial
cells express HO-1 in and near the capsule of the infarction core (E )
and, after 3 days, diffuse staining of interstitial cells occurs in all in-
farction zones, as shown for the inner stripe (F ). These areas corrres-
pond to areas in which HIF is up-regulated in interstitial cells (compare
Fig. 5f). Symbols are: arrowheads, interstitial cells; stars indicate the
same tubuli in consecutive sections. Magnification,150. G is glomeruli.
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Fig. 9. Immunohistochemistry for vascular endothelial growth factor
(VEGF) after renal segmental infarction. Encircled numbers label renal
zones according to Figure 1. After 3 days, strong staining for VEGF
had occurred in subcapsular tissue and in radial streaks in the cortex
(A ) as well as in the infarction border zone in the medulla (B ) and
and largely employed tool for the assessment of cell
proliferation, although cell activation without prolifera-
tion may associate with up-regulation, as well. The time
course of PCNA labeling reported in the present study is
similar to that previously observed after complete renal
ischemia and reperfusion [21]. While the proliferation
of tubular cells was largely confined to the infarct border,
interstitial cell proliferation also occurred in the infarct
core and thus corresponded to a progressive increase in
fibrous tissue in this area. Comparison between the in-
farct core and border zone illustrates that there is princi-
pally a high potential for tubular regeneration following
hypoxic injury, but that this cannot occur if tissue oxygen
tensions are too low. Apart from tubular proliferation
there was also evidence for significant angiogenesis along
the border zone of the infarct in both cortex and medulla.
Although demonstration of PCNA staining in endothe-
lial cells and increased staining for CD31 strongly suggest
new vessel formation, future studies will have to assess
branching and microvessel density, as well as the initia-
tion points of angiogenesis in more detail Interestingly,
within the infarct core, streaks of vessels appeared to
originate from the subcapsular tissue and the cortico-
medullary boundary (i.e., areas that received residual
oxygen supply).
Analysis of the time course suggests that the induction
of HIF is an early event in the sequence of cellular
changes following the interruption of blood flow and is
likely to play an important role in initiating subsequent
reactions. In fact, HIF induction was visible after 1 hour,
at a stage when tubular damage was not detectable or
only mild on routine histologic staining. Interestingly,
HIF induction was mainly confined to a period of 1 to
3 days and thus its ongoing expression appears not be
required for maintaining vascular and tubular prolifera-
tion, which continued beyond this period. It may well
be, however, that target genes induced by HIF are still
active during this phase. In temporal coincidence with
the disappearance of HIF, the border zone of obviously
altered, but apparently viable cells between necrotic and
preserved tissue became smaller and eventually could
no longer be defined. It is possible therefore that the
down-regulation of HIF reflects a selection process, dur-
ing which severely hypoxic cells in the border zone have
either died—and thus lost their ability to express
HIF—or have adapted their metabolism and receive suf-
ficient oxygen so that intracellular oxygen tensions have
increased and therefore HIF is no longer induced. An-
papilla (C ). In noninfarcted tissue, only thick ascending limbs in the
outer medulla stain for VEGF (B, arrows). These tubular signals disap-
pear within hours in the infarcted area [compare (A) where no signals
can been seen in the outer medulla]. Magnification, (A) 90; (B) 70;
(C) 150.
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Fig. 10. Immunohistochemistry for proliferating cells nuclear antigen (PCNA) after renal segmental infarction. Encircled numbers label renal
zones according to Figure 1. Low power magnifications (A ) and (F ) illustrate marked staining for PCNA in the infarction border zone, extending
from the cortext to the papilla. Higher power magnification shows intense staining for PCNA in tubular cell nuclei in the infarction border zone
(C ), (D ), (G ), and (H ), as well as in interstitial and endothelial cells (B ), (C), and (D). Glomerular staining occurs mainly in subcortical areas
(B). Blue counterstaining with Richardson reagent. Symbols are: closed arrows, capillary endothelial cells; CD, collecting ducts. Magnification,
(A) and (F) 30; (B), (C), (D), (E ), (G), and (H) 120. G is glomeruli.
other possible explanation for this finding is an up-regu-
lation of prolyl-hydroxylases, the key enzymes of HIF-
degradation, in the course of tissue injury and repair.
HIF has not only been implicated in several aspects of
cell survival, but also in the induction of apoptosis [6, 8].
It is possible therefore that the up-regulation of HIF
plays an important role in cell death and survival deci-
sions in the border zone of the infarction. In addition,
areas of HIF expression were overlapping with areas, in
which we found increased protein expression of HO-1
and VEGF, which are known to be regulated by HIF
in an oxygen-dependent fashion. While HO-1 confers
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Fig. 11. Immunohistochemistry for the endothelial cell marker CD31
after renal segmental infarction. Encircled numbers label renal zones
according to Figure 1. (A to C ) Strong staining is evident in subcapsular
tissue covering the infarction core (A), in streaks perpendicular to the
capsula and some glomeruli (G) and in the whole infarction border
zone throughout the kidney. Magnification, (A)100; (B) and (C)80.
VR is vasa recta.
protection against cell injury through the generation of
radical scavenging biliverdin and carbon monoxide [22],
VEGF is a key element in new vessel formation. In this
study we have not examined the expression of VEGF
receptors, one of which is also a recognized HIF-target
gene [8]. Up-regulation of VEGF receptors could con-
tribute to ongoing angiogenesis at the later time points,
when VEGF signals already tended to decline.
Our findings also shed some light on the cellular regula-
tion of the two oxygen-regulated HIF subunits, HIF-1
and HIF-2. Both isoforms were initially expressed in
different cell populations, as previously reported under
severe systemic hypoxia [10]: HIF-1 in tubular cells and
HIF-2 in peritubular interstitial cells. Subsequently,
however, HIF-1 was found in interstitial cell populations
throughout all zones of the kidney and its expression in
tubuli was confined to collecting ducts. The induction of
HIF-2 was overall less prominent and disappeared
much faster. The cellular mechanisms which lead to dif-
ferential induction of HIF-1 and HIF-2, as well as func-
tional differences arising from a possible target gene speci-
ficity, are yet unknown. The observation that HIF-1
and HIF-2 were also induced in subsets of infiltrating
macrophages complements similar findings that were
previously made in tumors [23, 24]. In other experimen-
tal settings of ischemic tissue injury, macrophage infil-
tration was found to be of pivotal importance in mediat-
ing angiogenesis [25]. Macrophage induction of HIF
suggests that hypoxia–dependent gene expression plays
an important role in these processes.
CONCLUSION
We have been able to demonstrate rapid and signifi-
cant changes in response to regional hypoxia in the renal
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cortex and medulla. We propose that these changes, as
exemplified after renal infarction, play a role in various
types of renal pathology and that their further under-
standing may lead to novel opportunities to influence
renal tissue preservation and repair.
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